IgG4-related disease is an immune-mediated disease with manifestations in most organ systems among them the pituitary gland. To date, few cases of histologically confirmed cases of IgG-related hypophysitis have been reported. The aim of this study was to retrospectively determine the prevalence of IgG4-related hypophysitis among cases previously diagnosed as primary hypophysitis (lymphocytic hypophysitis, granulomatous hypophysitis and hypophysitis not otherwise specified). Histological and immunohistochemical analysis revealed that 12 of 29 cases (41.4%) previously diagnosed as primary hypophysitis fulfilled the criteria for IgG4-related disease and, thus, IgG4-related hypophysitis should always be considered in the differential diagnosis of primary hypophysitis. All cases of IgG4-related hypophysitis showed a dense lymphoplasmacytic infiltrate with more than 10 IgG4-positive cells per high power field and a ratio of IgG4/IgG-positive cells of more than 40%, whereas storiform fibrosis was an inconsistent histological feature and was also seen in few cases of non-IgG-related hypophysitis, thus lacking sensitivity and specificity. Obliterative phlebitis was not seen in any case. Thus, histological criteria defined for IgG4-related disease in other organs should be modified for IgG4-related hypophysitis, accordingly.
INTRODUCTION
Inflammatory processes account for less than 1% of surgical specimen from the sellar region and are most often secondary to intrasellar lesions like Rathke's cleft cyst, histiocytosis and tumors like craniopharyngeoma and germinoma. Primary inflammations comprising mainly lymphocytic and granulomatous hypophysitis are rare and have to be differentiated from the involvement of the pituitary gland in generalized autoimmune diseases (16, 38) .
IgG4-related disease is an immune-mediated disease first described in 2001 as the underlying cause of a subset of autoimmune pancreatitis (10, 21, 22) and has since been reported in most organ systems including lung, kidney, biliary tree, liver, salivary glands, thyroid gland, prostate orbit, retroperitoneum, skin, orbit, meninges and pituitary gland (23) . IgG4-related disease is characterized by a dense lymphoplasmacytic infiltrate rich in IgG4 plasma cells that may be accompanied by elevated serum IgG4 levels (8) and is treatable by glucocorticoid therapy in its inflammatory stage (23) . Histopathological criteria supporting the diagnosis of IgG4-related disease comprise a dense lymphoplasmacytic infiltrate with a percentage of IgG4-positive of all IgG-positive cells exceeding 40% and-depending on the organ involved-absolute numbers of IgG4-positive plasma cells exceeding at least 10 per high power field (HPF), accompanied by an at least focally storiform fibrosis and obliterative phlebitis (8) . The pituitary gland is rarely (0%-8% of cases) involved in IgG4-related disease (9, 27, 29, 30) and, thus, few cases of histologically confirmed IgG4-related hypophysitis have been reported. Leporati et al proposed three criteria for the diagnosis of IgG4-related hypophysitis with the fulfillment of any of these sufficing to diagnose IgG4-related hypophysitis but only one of these criteria involves histological proof in a biopsy of the pituitary whereas the other criteria rely on histological proof of IgG4-related disease in other organs, clinical, laboratory and imaging data only and according to these criteria, IgG4-related hypophysitis can be diagnosed without histological proof in any organ (26) . Adhering to the criteria of Leporati et al, 39 cases of IgG4-related hypophysitis have been described in the English literature to our best knowledge (1-3, 6, 11-15, 18-20, 24-26, 31-37, 39, 41-47) , of which only 14 were histologically confirmed (1, 3, 13, 15, 26, 32, 35, 39, 43, 46) .
Considering the importance of early diagnosing IgG4-related disease in a potentially curable stage of the disease, the aim of this study was to determine the prevalence of IgG4-related hypophysitis among histologically confirmed primary hypophysitis and to verify whether diagnostic criteria established for other organ systems are applicable in the diagnosis of IgG-related hypophysitis.
MATERIALS AND METHODS

Selection of cases
The archives of the German pituitary adenoma registry and the Institutes of Neuropathology of the University Medical Center Hamburg-Eppendorf and the University of Erlangen were screened for diagnosed inflammatory lesions of the pituitary gland. Cases spanning the years 2001-2016 were retrieved from the archives and reviewed by two independent pathologists for confirmation of the previous diagnosis. Cases with inflammation secondary to Rathke's cleft cysts, tumors, previous operations or infectious agents were excluded from further analysis. The remaining 29 cases of primary hypophysitis comprised lymphocytic hypophysitis, granulomatous hypophysitis and hypophysitis, not otherwise specified (NOS) according to standard histomorphological criteria. Available clinical data were restricted to the tentative diagnosis, differential diagnoses and secondary diagnoses submitted by the surgeon together with the specimen. Laboratory data and clinical data on follow-up including response to immunotherapy were not available.
Histological and immunohistochemical analyses
For histomorphological analysis of lymphoplasmacytic infiltrate, storiform fibrosis and obliterative phlebitis 3-mm-thick paraffin sections were cut on a microtome and stained with hematoxylin and eosin according to standard laboratory protocols.
For immunohistochemical analysis with antibodies against total IgG and IgG4, consecutive 3-mm-thick sections were immunostained to allow evaluation of corresponding visual fields. Slides were deparaffinized and processed simultaneously using a DAKO Autostainer (DAKO Link 38; DAKO, Glostrup, Denmark) with heat-induced antigen retrieval for 15 minutes at 958C in Tris-EDTA-citrate buffer at pH 9.0 and application of primary antibody for 20 minutes. Bound antibody was visualized using the EnVision Kit (DAKO) according to the manufacturer's directions.
Antibodies used were rabbit polyclonal antibody against IgG (DAKO ready to use; DAKO) and mouse monoclonal antibody against IgG4 (1:100, REF MCO11, Clone: HP6025, Binding Site).
For analysis, total numbers of IgG-and IgG4-positive cells were counted in up to three high power fields (HPF) in corresponding visual fields in serial sections and means were calculated for each case.
RESULTS
Twenty-nine cases previously diagnosed as primary hypophysitis spanning the years 2001-2016 were retrieved from the archives of the German pituitary adenoma registry and the Institutes of Neuropathology of the University Medical Center Hamburg-Eppendorf and the University of Erlangen. Tentative diagnoses submitted by the surgeon were intra-or suprasellar mass, pituitary adenoma, hypophysitis, meningioma and tuberculosis. Two of the patients were in an early postpartum state (Table S1 ). Of these 29 cases, 15 (51.7%) had been diagnosed as lymphocytic hypophysitis, 6 (20.7%) as granulomatous and 8 (27.6%) as hypophysitis, not otherwise specified (NOS) ( Table 1 ). The mean age at the time of the biopsy was 41.7 years, and female/male ratio was 2.2:1. All cases showed-at least focally-a dense lymphoplasmacytic infiltrate, the cardinal feature of IgG4-related disease ( Figure 1 ).
To screen for IgG4-related hypophysitis, immunohistochemical analyses with antibodies against IgG and IgG4 were performed and numbers of IgG-positive and IgG4-positive cells were counted as proposed in the consensus statement on the pathology of IgG4-related disease (8) . Cases were assumed to qualify as IgG4-related hypophysitis if absolute numbers of IgG4-positive cells exceeded 10 per high power field (HPF) and the ratio of IgG4-and IgG-positive cells exceeded 40%, adhering to the minimum criteria defined in the consensus statement on the pathology of IgG4-related disease (8) .
Applying these histopathologic criteria, 12 cases (41.4%) qualified as IgG4-related hypophysitis (Figure 2a) . Interestingly, none of the cases previously diagnosed as granulomatous hypophysitis fulfilled the criteria for IgG4-related hypophysitis, whereas eight (53.3%) cases previously diagnosed as lymphocytic hypophysitis and four (50%) cases previously diagnosed as hypophysitis NOS fulfilled these criteria (Figure 2b ). The mean age of patients with IgG4-related hypophysitis was 43 years, and female/male ratio was 2:1 and did not significantly differ from non-IgG4-related hypophysitis (Figure 2c,d ). The hypophysitis of both women in early postpartum state fulfilled the criteria for IgG4-related disease (Table S1) .
A total of 10 IgG4-positive cells per HPF constitute the minimum threshold for IgG4-related disease but the appropriate cutoff point varies from organ to organ but has not been determined for the pituitary gland (8) , and specificity increases with higher cutoff points at the expense of sensitivity. Therefore, we analyzed how higher cutoff points for absolute numbers of IgG4-positive cells would influence the number of cases qualifying as IgG4-related hypophysitis. As expected, the percentage of cases fulfilling the criteria dropped to 75% of initially identified cases of IgG4-related hypophysitis when the cutoff point was raised to 30 IgG4-positive cells per HPF, to 50%, when the cutoff point was raised to 40 IgG4-positive cells per HPF and to 0%, when the cutoff point was raised to 100 IgG4-positive cells per HPF (Figure 2e ). Considering the potential therapeutic options, we propose a cutoff point of 10 IgG4-positive cells per HPF to ensure sufficient sensitivity.
Storiform fibrosis is the second characteristic feature of IgG4-related disease. Consequently, we analyzed the prevalence of storiform fibrosis in IgG4-related hypophysitis. Six of the twelve cases (50%) identified as IgG4-related hypophysitis and three of nineteen non-IgG-related cases (16%) of hypophysitis showed storiform fibrosis (Figure 2f) . Thus, storiform fibrosis lacks sensitivity and specificity among IgG4-related hypophysitis and should not be included as a necessary feature in the diagnostic process for IgG4-related hypophysitis.
Obliterative phlebitis, the third characteristic histologic feature of IgG4-related disease, was not detected in any of our cases of IgG4-related hypophysitis.
DISCUSSION
The results of this study demonstrate that IgG4-related hypophysitis is highly prevalent among histologically confirmed primary hypophysitis. In our study, 41.4% of all cases that had previously been diagnosed as primary hypophysitis fulfilled histologic criteria of IgG4-related hypophysitis. Previous studies reported a lower prevalence between 5% and 30% (1, 17, 43) , but these studies comprised only one (17) , two (43) and seven (1) cases, respectively, and not all of these cases were histologically confirmed-in the study by Bando et al, only three of seven cases (1). Thus, the prevalence might have been under-or overestimated in these studies. IgG4-related hypophysitis is a rare and new disease with the first histologically confirmed report in 2007 (46) . Before our study only fourteen histologically confirmed cases had been described in the English literature (1, 3, 13, 15 The mean age of patients at biopsy with IgG4-related hypophysitis (43 years) in our study was lower than the mean age at biopsy of previously published histologically confirmed cases (54 years) and significantly lower than the mean age at biopsy of all published cases including the cases that had not been histologically confirmed (66 years). The lower age in our patient cohort may be due to the novelty of IgG4-related disease leading to a long history of the patient before the accurate diagnosis was made in cases with primary involvement of other organs when the diagnosis was made without histological confirmation in the pituitary. On the other hand, symptoms of primary involvement of the pituitary may have facilitated early diagnosis leading to a younger age at diagnosis in the histologically confirmed cases. This is supported by the fact that nine (65%) of the cases published before our study did not show involvement of other organs at the time of biopsy with a mean age of 49 years, whereas the remaining five (35%) cases that showed involvement of at least one more organ at the time of biopsy had a mean age of 62 years. Whether the cases without involvement of other organs comprise a clinical entity of isolated IgG4-related hypophysitis or early manifestations of generalized IgG4-related disease cannot be judged from the data available from previous published cases and in our study, no clinical data about other organ involvement was available but it is noticeable that previous studies reported pituitary involvement in IgG4-related disease in only 0%-8% of patients (9, 27, 29, 30) . It seems, thus, unlikely, that the cases of IgG4-related hypophysitis without other organ involvement are early manifestations of generalized IgG4-related disease. Furthermore, the female : male ratio in previously published cases without other organ involvement is 3:1, whereas this value is 0.25:1 in previously published cases with other organ involvement. Our study also showed a female preponderance (2:1). Thus, a subset of IgG4-related hypophysitis might be a disease entity distinct from generalized IgG4-related disease. Our cohort of 12 cases of histologically confirmed IgG4-related hypophysitis is the largest cohort published to date with previous cohorts comprising three (1) and two (43) cases, respectively. In 2012, a consensus statement on the pathology of IgG4-related disease defined histomorphological criteria for the diagnosis of IgG4-related disease (8) . In general, two out of the three major histomorphological features dense lymphoplasmacytic infiltrate, storiform fibrosis and obliterative phlebitis are a prerequisite for the diagnosis of IgG4-related disease, but organ-specific exceptions to this rule have been described. For example, storiform fibrosis is rare in manifestations of IgG4-related disease in lymph nodes and lacrimal gland, and obliterative phlebitis is sometimes lacking in these organs (4, 5) . In our cohort, storiform fibrosis was detectable in 50% of cases of IgG4-related hypophysitis and also in 16% of cases of non-IgG4-related hypophysitis and, thus, lacked sensitivity and specificity, and obliterative phlebitis was not detectable in any case. Therefore, we propose that storiform fibrosis and obliterative phlebitis should not be a prerequisite for the diagnosis of IgG4-related hypophysitis.
The third major feature of IgG4-related disease, a dense lymphoplasmacytic infiltrate, was met by all cases in our cohort. Thus, we consider this feature a prerequisite before testing the most important feature of IgG4-related hypophysitis, the existence of IgG4-positive cells. The consensus statement defines a threshold of 40% for the fraction of IgG4-positive of all IgG-positive cells, which is valid for all organ manifestations of IgG4-related disease (8) , a criterium that is met by all our cases of IgG4-related hypophysitis. Furthermore, an organ-specific minimum absolute number of IgG4-positive cells per HPF are claimed ranging from 10 to 100. Our data show that the threshold value should not exceed 10 for the diagnosis of IgG4-related hypophysitis in order to ensure a sufficient sensitivity. Applying these criteria, none of the included cases of granulomatous hypophysitis fulfilled the criteria for IgG4-related disease. This is in line with previous reports describing that granulomatous inflammatory processes are relatively inconsistent with IgG4-related disease (7, 40, 48) . Adhering to these criteria, IgG4-related hypophysitis can also be discriminated from Rosai Dorfman disease in most cases because although the disease is often associated with IgG4-positive cells exceeding 10 per HPF because the fraction of IgG4-positive cells of all IgG-positive cells rarely exceeds 40% (28) . In summary, we could show that IgG4-related hypophysitis is highly prevalent among histologically confirmed cases of hypophysitis and should always be considered in the differential diagnosis of nongranulomatous inflammatory lesions of the sella because IgG4-related disease is treatable in early stages of the disease. Further studies will have to show whether a subset of IgG4-related hypophysitis comprises an own disease entity independent of IgG4-related disease.
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